Abstract: We experimentally demonstrate reversible strain-tuning of a quantum dot strongly coupled to a photonic crystal cavity. We observe a clear anti-crossing between the quantum dot and the cavity using the strain tuning technique.
Introduction
Semiconductor quantum dots coupled to photonic crystal cavities offer a robust and scalable platform for studying cavity quantum electrodynamics in a solid state device. The control of the quantum dot-cavity interaction often requires the ability to tune the quantum dot exciton energy in-situ. Strain tuning can reversibly shift the quantum dot exciton energy without affecting its emission linewidth or intensity [1] , therefore are considered as a promising method for tuning quantum dots coupled to optical cavities. Strain tuning of a single quantum dot in the bulk material [2] and in a micro-disk cavity [3] has been previously reported. However, applying strain to a photonic crystal cavity can be challenging because these structures are supported on suspended membranes.
Here, for the first time, we demonstrate reversible in-situ strain tuning of a quantum dot strongly coupled to a photonic crystal cavity. We achieve an average strain induced shift of 0.45 nm and demonstrate anti-crossing of a quantum dot and a photonic crystal cavity mode. We also demonstrate that the cavity mode shifts by an amount that is 5.8 times smaller than the typical quantum dot shift. Thus, the quantum dot can be tuned over an appreciable range with only a small change to the cavity resonance.
Measurement setup and device characterization
We perform measurements on InAs quantum dots (with density of 10-50/µm 2 ) embedded in GaAs photonic crystal cavity structures. Figure 1 (a) shows a scanning electron microscope image of a fabricated cavity.
Figure 1(b) shows a schematic of the sample mount used to perform strain tuning. An L-shaped copper holder is mounted on the cold finger of a continuous flow liquid helium cryostat. The sample and a piezo-electric actuator are mounted in parallel on the holder, with the direction of the applied stress aligned along the row defect of the photonic crystal cavities. The actuator is made of a 530 μm thick [Pb(Mg 1/3 Nb 2/3 )O 3 ] 0.68 -[PbTiO 3 ] 0.32 (PMN-PT) substrate, and is poled such that an out-of-plane electric field induces an anisotropic in-plane strain in the substrate.
We characterize the device by performing the photoluminescence measurements below 40 K. Figure 1 (c) shows the emission spectrum from a photonic crystal cavity, from which we determine a cavity quality factor of ~12,000. To demonstrate strain tuning, we perform photoluminescence measurement on the same device at a fixed temperature of 30 K, while sweeping the electric field applied to the piezo from zero to 15 kV/cm and then back to zero. Figure 2(a) shows the measured spectrum as a function of applied electric field. We observe a clear anticrossing as the quantum dot exciton energy is tuned through the cavity resonance. The quantum dot exciton energy returns to its original value when we decrease the field, indicating that the strain tuning process is reversible.
The redshift of the quantum dot suggests a tensile strain distribution in the center of the cavity, which is opposite to the expected direction because we are applying compressive stress. We further measure the wavelength shift for 41 different quantum dots at the center of 5 different cavities using an electric field of 15 kV/cm, and plot the histogram in Fig. 2(b) . All quantum dots exhibit a redshift, with an average value of 0.45 nm, but there are large variations in the shift. For Comparison, Fig. 2(c) plots a histogram of the wavelength shift at the maximum electric field for 23 individual quantum dots in the bulk far away from all cavities. In contrast to the photonic crystal membrane, all bulk quantum dots experience a blueshift with increasing electric field, consistent with previous studies [2] . The histogram shows a very narrow distribution indicating that the bulk has a relatively uniform strain distribution. The narrow distribution for bulk quantum dots suggests that the variability in tuning range for quantum dots in the membrane is largely due to strain variations at different locations inside the membrane. We also speculate that the unexpected strain direction in the cavity may be due to bowing or warping of the membrane.
The strain dependent spectrum in Fig. 2(a) shows that, in addition to tuning of the quantum dots, the cavity mode also exhibits a small redshift. The direction of cavity mode shift suggests a tensile strain inside the cavity membrane [4] , consistent with the shift of the quantum dots. Because the strain induced cavity shift is in the same direction as the quantum dot shift, it reduces the effective tuning range of the coupled quantum dot and cavity system. Figure 2(d) shows the photoluminescence spectrum of a bare cavity mode as a function of electric field at 30 K (these measurements were performed on a different device). By fitting the emission spectrum at an electric field of zero and 15 kV/cm to a Lorentzian function, we determine a spectral redshift of 0.078 nm. This shift is 5.8 times smaller than the average quantum dot shift in the cavity, indicating that the cavity shift is a small effect in this system. 
Conclusions
In conclusion, we demonstrated in-situ strain tuning of a quantum dot strongly coupled to a photonic crystal cavity. The average tuning range for quantum dots within the cavity is about 6 cavity linewidth. The proposed tuning scheme may serve as an important tool for cavity QED experiments with strongly coupled quantum dots and photonic crystal cavities.
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